Key Words: EBV; gp110; tandem AGA; circular dichronucleocapsid and the release of infectious EBV. Its C-ism; micelle. terminal tail domain (gp110 CTD) is essential for gp110's function and may provide signals that are responsible for the assembly and release of EBV. In the
(gp110 CTD) located in the nucleoplasm may provide used for DNA sequencing and PCR amplification reaction were obtained from Genotech Co. (Dae-Jun, Korea). signals that are responsible for the assembly of EBV nucleocapsids and their egression through the nuclear Dodecyl phosphocholine (DPC) was purchased from Avanti Polar Lipids Inc. (Alabaster, AL). Sodium dodemembrane (9) . Residues 816 to 841 in the tail domain containing four consecutive arginines especially are es-cyl sulfate (SDS) was obtained from Sigma (St. Louis, MO). All materials were of reagent or biotechnologisential for retention in the nuclear/endoplasmic reticulum (ER) membranes. A recent mutagenesis experi-cal grade. ment supported that not only the positive charge of Construction of Plasmids consecutive arginines but also their proper structural configuration is an important factor for gp110's localizaTo select a system that can express the recombinant tion to the nuclear/ER membranes (18) . Besides the role gp110 CTD at a high level, various plasmids carrying of gp110 CTD in lytic replication, the QKRAA sequence the sequence coding for gp110 CTD (including amino in the C-terminal tail domain, which is also found in acids 758 to 857 of EBV gp110) were constructed. The several human pathogens, is related to enhanced hu-plasmid pSVgp110 encoding the full sequence of gp110 moral and cellular immune responses in early rheuma-(23) was used as a template to prepare gp110 CTD toid arthritis patients (19) (20) (21) . This implies the possi-constructs. The plasmids were generated by inserting bility that gp110 CTD has another function associated the PCR fragment containing the gp110 CTD region with human immune reactions.
into the appropriately digested vectors. The gp110 CTD While the biological function of gp110 has been inves-constructs prepared using pSE280, pET-15b, pET-29a, tigated by several groups of investigators, the structure pMAL-c2x, and pGEX-4T-1 were designated pJ1, pJ2, and the mechanism of its function have not yet been pJ3, pJ4, and pJ5, respectively. The primer pairs used cleared. Pellett et al. (12) reported significant sequence in PCR amplification are shown in Table 1 . The conand predicted secondary structure homology between structed plasmids were confirmed by restriction analythe herpes simplex virus 1 glycoprotein B and EBV sis and DNA sequencing. gp110. However, there has been no direct experimental evidence to support the predicted secondary structure. Mutagenesis of Tandem AGA Codons To get enough protein for structure analysis, it is necesTo facilitate expression of gp110 CTD, the consecutive sary to develop an optimized expression system. Recom-AGA codons were replaced with the major synonymous binant gp110 CTD has previously been expressed using CGC codons by site-directed mutagenesis. PCR amplifithe pMAL system in Escherichia coli by Papworth et cation was performed with Pfu DNA polymerase using al. (22) and was used to obtain an antiserum from an two overlapping primers, 5Ј-GTTTTCCAGGCCTACG immunized rabbit, which facilitated the analysis of CCGCCGCCGCTATCACGATG-3Ј (sense) and 5Ј-GA EBV gp110. With this antiserum, expression of gp110 TCGTGATAGCGGCGGCGGCGTAGGCCTGGAAAA was successfully detected in several EBV-positive B cell C-3Ј (antisense), containing the synonymous codons lines by immunofluorescence and immunoprecipita-(underlined). The constructed silent mutant plasmids tion (22) .
were confirmed by restriction analysis and DNA seIn this study, the effects of a vector system including quencing. The plasmids pJ1, pJ2, and pJ5 were muthe pMAL system, codon usage, and host strain on extated and designated pJ1-m, pJ2-m, and pJ5-m, respecpression levels of the recombinant gp110 CTD were tively (Table 2) . investigated. The secondary structure of the obtained recombinant gp110 CTD was examined by circular diExpression of Recombinant gp110 CTD chroism (CD) and the CD data were compared with the previously proposed model structure (12) . Each gp110 CTD construct was transformed into either E. coli BL21 or DH5␣. The transformants were cultured in TBG-M9 broth supplemented with ampicil-MATERIALS AND METHODS lin (50 mg/ml). After incubation at 37ЊC for 7 h, protein Materials expression was induced by adding IPTG to a final concentration of 1 mM. After 4 h postinduction at 37ЊC, Restriction endonucleases were purchased from New England Biolabs Inc. (Beverly, MA), Böehringer Mann-cells were harvested by centrifugation at 8000 rpm at 4ЊC for 15 min (Beckman J2-MC). heim GmbH (Mannheim, Germany), and Promega (Madison, WI). Cloned Pfu DNA polymerase was obGp110 CTD was obtained from either soluble extract or inclusion bodies depending on the E. coli strain used. tained from Stratagene (La Jolla, CA). The T7 sequenase version 2.0 DNA sequencing kit, radioactive [␣ -Gp110 CTD from soluble extract is designated "soluble gp110 CTD" or "soluble protein" while gp110 CTD from 35 S]dATP, plasmid pGEX-4T-1, and glutathionesepharose 4B resin were supplied by Amersham Phar-inclusion bodies is designated "refolded gp110 CTD" or "refolded protein" throughout the text. macia Biotech (Uppsala, Sweden). Oligonucleotides Purification of gp110 CTD for the procedures described below. After centrifugation of the bacterial lysate, precipitates were solubilized in Purification of soluble gp110 CTD. The bacterial 100 ml of 50 mM Tris-Cl buffer (pH 8.0) supplemented cell pellet was suspended in 100 ml of the lysis buffer with 6 M guanidine-HCl, 10 mM DTT, 10 mM EDTA, (50 mM Tris-Cl (pH 8.0), 1 mM dithiothreitol(DTT), and 150 mM NaCl. One hundred milliliters of guani-10% glycerol, and 0.1 mM PMSF) containing 0.2 mg/ dine-HCl-solubilized protein was dialyzed overnight at ml of lysozyme. Bacterial lysis was performed by sonica-4ЊC with slow stirring against 2 L (ϫ 2) of the refolding tion (4 ϫ 30-s pulses) until the lysate became clear. buffer containing 0.5 M arginine, 50 mM Tris buffer After lysis, the supernatant was applied to a glutathi-(pH 8.0), 150 mM NaCl, 10 mM DTT, and 1 mM PMSF one-Sepharose 4B column (2.5 ϫ 20 cm) equilibrated (24) (25) (26) . L-Arginine was removed by additional dialysis with phosphate-buffered saline (pH 7.4). Bound GST-against 2 L of 50 mM Tris buffer (pH 8.0) containing gp110 CTD was eluted with 20 ml of the elution buffer 150 mM NaCl, 10 mM DTT, and 1 mM PMSF. Finally, (30 mM glutathione in 50 mM Tris-Cl, pH 8.0) at a the dialysate was clarified by centrifugation (12,000 flow rate of 1 ml/min. The fused GST was removed from rpm, 4ЊC, 30 min). eluted protein by treating with thrombin at 20ЊC for 16 h. After cleavage, the reaction mixture was loaded onto Immunoblotting a Q-Sepharose column, followed by Blue-Sepharose 6B chromatography (Amersham Pharmacia Biotech). ProProtein samples were resolved by SDS-15% polytein samples were collected at the different purifying acrylamide gel electrophoresis prior to electrophoretic steps and analyzed by SDS-PAGE and immuno-transfer to a nitrocellulose membrane. Western transblotting.
fer was carried out in cold 0.025 M Tris-0.19 M glycine (pH 8.8), 20% methanol, and 0.1% SDS in a Bio-Rad Purification of refolded gp110 CTD. The culture, harvest, lysis, and purification of the refolded protein minigel system at 300 mA for 1 h. Nitrocellulose membrane was then blocked overnight at 4ЊC with 5% skim were identical to those for the soluble protein, except His tag-gp110 CTD pET-15b
Very good (as a soluble form)
a T7 vectors were transformed into BL21 (DE3) and its analogues such as BL21(DE3) pLysS and BL21(DE3)-RIL.
milk in TBS (20 mM Tris-HCl, 150 mM NaCl, pH 7.6). After washing with TTBS (Tris-buffered saline with 0.1% Tween 20, pH 8.0), the membrane was incubated for 60 min with polyclonal antibodies for gp110 CTD at room temperature. The membrane was then washed and incubated for 60 min with horseradish peroxidaseconjugated secondary antibody. After further washing, immunoreactive proteins were visualized using an enhanced chemiluminescence detection system according to the protocol of the manufacturer (Amersham Life Sciences, Amersham, Arlington Heights, IL).
Circular Dichroism Analysis
To characterize the secondary structure of the refolded and soluble gp110 CTD, CD analysis was performed using a 2-mm path length cuvette in a Jasco J-715 spectropolarimeter at 20ЊC. CD measurements were carried out in a wavelength range between 190 and 240 nm. The refolded and soluble gp110 CTD purified as described above were dialyzed against 5 mM potassium phosphate buffer (pH 7.4) and concentrated using a Centricon 30 unit (Amicon Inc., Beverly, MA). The concentration of protein used in CD measurements was 50 M. The resultant spectra were corrected for the buffer signal. To examine the structural change in membrane-mimicking environment, the spectra for 50 
RESULTS
were replaced by the synonymous E. coli codons CGC80
Construction of Plasmids and Expression of gp110
and CGC81, resulting in pJ1-m, pJ2-m, and pJ5-m, CTD respectively. When the DH5␣ strain was transformed In order to compare the effect of vectors on the with pJ1-m or pJ5-m and BL21(DE3) was transformed amount of recombinant gp110 CTD produced in E. coli, with pJ2-m, only pJ5-m expressed gp110 CTD at a high the coding region for gp110 CTD was subcloned into enough level (Fig. 2C) . However, expression of a fusion pSE280, pETs, pMAL-c2x, and pGEX-4T-1 (Fig. 1 ). All protein with a molecular mass of about 37 kDa was of these constructs except pJ4 failed to express any confirmed mainly in the cell pellet, indicating that GSTsignificant amount of recombinant protein (Table 2 , Fig. gp110 CTD was expressed mainly as insoluble inclusion 2A). Using a pMAL system that was previously used bodies (Fig. 3A, lane d) . To obtain a soluble form of GSTby Papworth et al. (22) , gp110 CTD was successfully gp110 CTD, we changed various expression conditions expressed, but the yield of the protein was relatively such as culture temperature (10-37ЊC), IPTG concenlow due to degradation of the protein after cell lysis trations (0.1-1 mM), and induction time (1-6 h). While (Fig. 2B) .
these modulations didn't significantly improve the yield of the fusion protein obtained in the soluble extract (data not shown), switching the host strain from DH5␣ Codon Substitution of Tandem AGA to Facilitate to BL21, which is deficient in the OmpT and Lon proteExpression of gp110 CTD ases, resulted in remarkably enhanced expression of To increase the translation efficiency of the gp110 the soluble GST-gp110 CTD (Fig. 3B, lane c) . CTD mRNA, rare codons of gp110 CTD constructs were
Purification of Recombinant gp110 CTD replaced with synonymous major codons by site-directed mutagenesis. The plasmids pJ1, pJ2, and pJ5
Both refolded and soluble forms of gp110 CTD were purified by stepwise chromatographic methods described were mutagenized so that codons AGA80 and AGA81 (Table  2) . Whole cell lysates before (lanes 1) and after (lanes 2) induction were separated by SDS-PAGE. Only MBP-gp110 CTD was expressed but the yield of purified gp110 CTD was very low. (B) SDS-PAGE of the recombinant protein MBP-gp110 CTD; lanes: a, induced wholecell lysate; b, lysate supernatant; c, lysate pellet; d, eluate from amylose resin. The MBP-gp110 CTD and its degraded products after cell lysis are marked by arrows (on the right side is an enlarged picture of lane d). (C) Tandem rare codons AGA AGA for arginines in pJ1, pJ2, and pJ5 were replaced with CGC CGC to produce pJ1-m, pJ2-m, and pJ5-m, respectively. These silent mutant constructs were transformed into E. coli and the expression of gp110 CTD was checked after induction.
under Materials and Methods. The yields of protein puri-buffer (Fig. 4A) . After the refolding process, 53% of the total GST-gp110 CTD present in the guanidine-HCl-solfied from inclusion bodies and soluble extracts were approximately 5 and 9 mg per liter of E.coli culture, respec-ubilized sample was recovered (Fig. 4) . Slow or rapid dilution is known to be an alternative to dialysis but tively (Table 3) . SDS-PAGE showed that the purified gp110 CTD from inclusion bodies and soluble extracts was not effective in the refolding of GST-gp110 CTD and optimized dialysis gave a more improved yield than the appeared homogeneous and identical under reducing conditions, with an apparent molecular mass of approxi-dilution method in our study (data not shown). With other refolding methods using detergents, glycine, and glycerol, mately 11 kDa (Figs. 3A, lane h, and 3B, lane g) . The inclusion bodies from pJ5-m/DH5␣ were dissolved with the GST-gp110 CTD aggregated during dialysis, and the quantity of recovered soluble protein was very low (data 6 M guanidine-HCl and refolded by dialysis in Tris-Cl buffer containing L-arginine (Fig. 3A, lane e) . The refold-not shown). ing was facilitated by an increase in the arginine concentration and a decrease in the protein concentration (Fig.  4) . The limiting concentration for optimal recovery of Immunoblotting GST-gp110 CTD was about 10 g/ml in refolding buffer without L-arginine (Fig. 4A) , while elevated up to 300
To confirm the identity of the purified peptide, immunoblot analysis was carried out for the samples taken g/ml when 0.5 M L-arginine was added to the refolding
FIG. 3. SDS-PAGE of the recombinant GST-gp110 CTD. (A)
Purification of gp110 CTD from inclusion bodies; lanes: a, uninduced wholecell lysate; b, induced whole-cell lysate; c, lysate supernatant; d, lysate pellet; e, supernatant after dialysis using L-arginine; f, eluate from glutathione-Sepharose 4B chromatography; g, products partially cleaved by thrombin at 4ЊC for 1 h; h, purified refolded gp110 CTD. (B) Purification of gp110 CTD from soluble extracts; lanes: a, uninduced whole-cell lysate; b, induced whole-cell lysate; c, lysate supernatant; d, lysate pellet; e, eluate from gutathione-Sepharose 4B chromatography; f, products partially cleaved by thrombin at 4ЊC for 1 h; g, purified soluble gp110 CTD.
after various purification steps. For this, polyclonal an-were used to analyze the secondary structure of the two tiserum raised in rabbits against gp110 CTD was used. forms of gp110 CTD. Figure 6 shows the CD spectra The polyclonal serum was characterized by ELISA and of the soluble and refolded gp110 CTD. Both spectra confirmed to recognize wild-type gp110 by an immuno-showed similar profiles, suggesting that gp110 CTD fluorescence study in gp110-transfected cells (Y.S. purified by the two different protocols have the same Shim, Y.S. Kwon, W.Y. Moon, S.J. Park, B.J. Lee, and conformational characteristics. The CD curves reveal S.K. LEE, unpublished data). Figure 5 shows that that the structure of gp110 CTD is not so highly ordered, gp110 CTD was successfully purified after the purifica-even though the presence of two negative extremes at tion procedures.
222 and 205 nm and the positive intensity below 200 nm point to a partially helical conformation adopted by Circular Dichroism Analysis the protein (27). The intensity of negative minimum at 222 nm was relatively small compared to that of the Secondary structure analysis of the gp110 CTDs purified by different protocols. The far-UV CD spectra whole ␣ -helical proteins, which indicates that gp110 of gp110 CTD in micelle solutions exhibited evidence of significant ␣ -helical structure, as indicated by the strong positive band at about 190 nm and negative bands at 208 and 222 nm (Fig. 7) . As shown in Table  4 , the induced helicity of gp110 CTD in micelle solutions originated from decreased random coiling, while ␤ -structural elements were not much changed. These data apparently indicate that the largely unordered regions of gp110 CTD have intrinsic ␣ -helical propensities in its amino acid sequences. Gp110 CTD in DPC micelle solution appeared to adopt a slightly less helical conformation than in SDS micelle solution ( Fig.  7 and Table 4 ). This distinct conformation may result from the difference in the charged head group of the micelle, with which gp110 CTD is supposed to interact.
DISCUSSION
Many recombinant viral proteins are poorly produced in E. coli (35, 36) . The adoption of a generally applicable expression method is precluded in these cases and various strategies to optimize protein production in E. coli should be considered, for example, substitution of the vector, modulation of translational efficiency, using fusion partners, changing fermentation conditions, and so forth. In this study, the factors limiting the expression of gp110 CTD in E. coli can be summarized as follows: First, the tandem AGA present in the gp110 CTD coding region negatively affects translational efficiency. Nine percent of 100 amino acids of gp110 CTD are encoded CTD has ␤ -structural elements as well as ␣ -helices (27-29). Therefore, the structure of gp110 CTD seems to be composed of a portion of ␣ -helices and ␤ -elements (Table 4) .
Fold stabilization in a membrane-like environment. As gp110 is a membrane protein expressed on nuclear/ FIG. 5. Western blot analysis of gp110 CTD samples taken after ER membrane, the conformation of gp110 CTD in the various purification steps. Protein samples purified from soluble exnatural state may not be the same as that assumed tracts (pJ5-m/BL21) were separated on a SDS-PAGE gel. The gel was transferred onto a nitrocellulose membrane and probed with in the aqueous environment used for CD analysis. To an anti-gp110 antiserum; Lanes: a, uninduced whole-cell lysate; b, examine the structural change in membrane environinduced whole-cell lysate; c, lysate pellet; d, lysate supernatant; e, ment, SDS and DPC at concentrations higher than their partially purified gp110CTD protein; f, finally purified gp110 CTD. critical micelle concentrations were used to mimic a The positions of molecular weight standards are indicated in kilodaltons to the left of the figure. membrane-like environment (30-34). The CD spectra very important for a good result. In the case of gp110 CTD, the refolding of the protein could be sufficiently achieved using L-arginine. Since no functional assay of gp110 CTD exists, the structural integrity of gp110 CTD was probed by comparing CD spectra of the soluble gp110 CTD and the refolded gp110 CTD. The experimental CD data were also compared with the published model structure (12) . The CD spectrum of the refolded gp110 CTD was identical to that of the soluble gp110 CTD, indicating that the renaturation of gp110 CTD from inclusion bodies was complete (45) . Overall the secondary structure of gp110 CTD in an aqueous buffer can be described as an ␣ ϩ ␤ structure including a large portion of unordered structure. However, the proposed model structure of CTD. The spectra were expressed as mean residual molar ellipticity [( ), deg и cm 2 /dmol] from 190 to 240 nm by dividing the measured gp110 CTD consists of a short ␤ -sheet and four ␣ -helical molar ellipticity by the number of residues in gp110 CTD. The spectra segments (12) , which is inconsistent with our experiwere the average of four scans recorded at 1 nm resolution, with a mental results. Numerous proteins involved in imscan speed of 50 nm/min, a 2-nm band width, 100 mdeg sensitivity, portant cellular regulatory functions lack an intrinsic and 1 s response time. The spectra were obtained at 20ЊC. globular structure under physiological conditions, and their unstructured domains fold into a stable structure by rare codons and 5% are encoded by the rarely used upon binding to the targets (reviewed in 46). The abunarginine codons AGG and AGA. It is noteworthy that dance of random coil in gp110 CTD may be converted the diminished expression of recombinant protein in E. into more ordered structure when gp110 CTD interacts coli depends not only on the prevalence of these codons with other cellular components inside the cell. On the but also on their relative locations in the gene (37) (38) (39) (40) . basis of gp110's unique localization to the nuclear/ER Second, the susceptibility of gp110 CTD to proteases membrane, as well as the presence of the localizing (especially Lon and OmpT proteases) may cause degra-signal in the C-terminal domain, we postulated that ER/ dation of the protein, considering that gp110 CTD could nuclear membrane could interact with the C-terminal be obtained in soluble extracts by simply switching the domain, affecting its conformation. Notably, in SDS and host E. coli strain to protease-deficient BL21. Third, DPC micelle solutions, the CD curves of gp110 CTD toxicity of the protein may also influence expression.
showed drastically increased helicity, suggesting that Gp110 CTD was not expressed from pJ1-m and pJ2-m the C-terminal domain indeed interacts with the miup to detectable levels in E. coli BL21 analogues that celles. The increased helical propensity in micelle soluare Lon and OmpT protease-deficient. Thus, it seemed tions is consistent with the proposal of Pellett et al. (12) . that the tandem AGA and the susceptibility to proteThe predicted structure of gp110 CTD by a combinaases were not primary causes for the failed expression tion of hydropathic, helical wheel, and empirically of gp110 CTD in pJ1-m/BL21 and pJ2-m/BL21 (DE3).
based secondary structure analyses (12) showed an inIt is noteworthy that the optical density of growing teresting feature. All four helices share the feature of E.coli did not increase after these two clones were inan amphipathic ␣ -helix by helical wheel analysis and duced by IPTG (data not shown), in agreement with the results of Popworth et al., which showed that several truncated gp110 were not expressed in E. coli (22) . These data imply that the gene product may be toxic be obtained with over 99% purity either from inclusion bodies (pJ5-m/DH5␣ ) or from soluble extracts (pJ5-m/
Note. The fractions of ␣ -helix, ␤ -sheet, ␤ -turn, and random coil BL21). As the proper conditions of refolding vary from were calculated using the data from the CD spectra shown in Fig. 7 by JASCO built-in software, SSE (Secondary Structure Estimation).
protein to protein, the choice of a refolding system is lized by the interaction of the polar residues with water and the head group of the membrane via electrostatic interaction and hydrogen bonding (30, 33, 34) . Based on the results of CD analysis, it is expected that the REFERENCES structural properties of gp110 CTD are directly influenced in a membrane environment. The unusual en-problems encountered in expressing other cloned genes.
50, 203-213.
The current study suggests that the C-terminal domain 5. Tanner, J., Whang, Y., Sample, J., Sears, A., and Kieff, E. (1988) is not so highly ordered on its own and forms a more cules. As suggested earlier (12, 18) , the target molecules 6. Heineman, T., Gong, M., Sample, J., and Kieff, E. (1988) are supposed to be proteins primarily, but here we show other proteins to complete its biological role.
